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Thira report waa prieparetd to document experimental studies of the 

freezing phenomena attending the free expansion of cryogenic liquids, 

srpeclficdly hydrogen and nitrogen, to pressures below the triple 

point preemre. Documented axe two separate blocks of tests with 

sdparate objectives. 

1961 and intesrnittaat periode during 1962. 

Thar testa were performed during September 
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T nted in this r 

is mainly conctwned 

nomena associated with an expansion to pressuresp below the triple 

using various mockups of act 1 Centaur hardware. The eecond 

study deais with tbe flow characteriotics of liquid hydrogen and nitrogen 

through simulated mfcro-rn&sorit~? puncturefa in 0.010" thick stainle 

@teal into a praassure environment below the triple point pressure. 

Specifically, the coefficient of discharge as eociated with incompressible, 

ideal fluid flow walg measubd ,  and the effect of the freezing of the 

liquid on the flow wa8 etraluated, The res& of each nrtudy are given 

independently in the reapective subsections. 

A large percentage of the experimental results was obtained via high- 

speed 16 MM movie film. A listing of the film record, ars well a o  

location, is given for each test  block. Specific tacenes are included 

n the report to give an tlndicatioa of what is contained in  the film record. 

freezing phenomena to 

hich was obrarv 

along with development problems 

cture Lezsksget 
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B space vehicle p 

statelof -the-art type problems 

shicle in free space, One of these 
. ,  

problems La, the freezing phewrnenon rlssociated with the free 

expansion of a cryogenic Liquid (or cold gas) to an environment 

I whsrrs the pressure irs below its triple point praesura. Area@ of 

uncertainty exist in pajrameterB which control the freezing and the 

general phenwnenon itself. In order to be able to evaluate $he 

arssociated problem$ for any location where freezing might occur, 

the basic phcmmenon hnd ite effects must be known. In order 
- _ - _  :-- -; . .  

to have a better underdtandiog of the problems a8 associated with 

the Centaur vehicle, the tests documented in this report were 

performed. Attempts were made to simulate actual Centaur 

hardwaae as well aa to, investigate the virsible phenomena associated 

* with various erxpans on* configuratione. 
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n. 

Early in the Centaur vehicle 

of the maaid engines was immediately proceed@d by a prs-stavt 

chilldown aeqwenict3 which dumped oxygen directly into tlm Atla 

Centaur Inter lsta e edaptkrr, Hydrogen wall dumped overboard 

through the walla of the adapter through approximately a onec 

velopmtsnt phaie, the i 

inch diameter duct. 

the Centaur staging sequence. 

This chilidown sequence carried over into 

During staging, the hydrogen 

overboard vent line ditwonnected near the walls of the adapter. 

Aft thia timee liquid hydrogen was most probably being dunpsd 

into the oxygen-filled interstage adapter, which was now in a 

near vacuum pressure condition, 

. . 

NQ information was available a6 to whather gr not a combustible 

mixture was pred~ent 03 in what form the escaping hydrogen would 

aBsum8 when expanded to such a low preaaure. 

1 

Analytically i t  

ortion of the? liquid hydrogen 

d toke was a matter of conjdsctu 

the freezing 

ped with the hydrog 
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This block of testing, described beiow, further investigates this 

situation and the general freezing phenomena produced by an expansion I 

- 
i 

to very low prereures. 

A. Test Objective$ 

1. Study and photograph the freezing phenomena attending 

the! free expansion of liquid hydrogen and liquid nitrogen, 

with variou8 expansion configurations, to pressures 

below the triple point pressures, 

2. Evaluate the freezing phenomenon aseociated with the 

venting of LH2 into the Centaur/Atlae interetrge adapter 
t 

during the Centaur in flight pore-start chilldown sequence. 

No attempt was made to simulate the thermal environment. 

€3. Test Apparatus 

The apparatus waa arranged a5 is shown in Figure 1 and 

consisted of; 

1, The Aerophyprics Laboratory Altitude Chamber which is 

capable of approximately 85 statute mile altitude pressure 

simulation (4 x lO”’MM Wg); it is not capable of thermal 

i 1 

simulation. 

4 
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2. 

3. 

4. 

5. 

6,  

7, 

PneumaticzJllyloper~~ed one-inch Anin valve with arsoci- 

ated helium syettem and 4-way solenoid control valve. 

Stainless ateel hydrogen reservoir of approximately 

0 , 2 5  ft3 capacity. This was necessary to allow closing 

nt valve during t e ~ t i n ~  to avoid the hazard of a 

etible combustible H z - 0 ~  mixture in the chamber. 

One -inch diameter (nomin ) LHZ ducting. 

Neeesrary pressure gauges e 

A mylar catch surface to accumulate solid. T h i s  would 

slow down the sublimation rate and prolong the test run 

time. 

rose from its initial value to above 0.9939 p 

The test was terminated when the tank pressure 

tripla point. 

Variable orifice configuration (bee Figure 2). 

Scope of Teetinp 

1. In support of Test Objective 1 the following orifice ineertla 

o r  configurations were tested with LEI2 and/or LNz: 

(a) The one-inch diameter exit of e h i n  valve without 

e attached flange with LWz and LNZ (Orifice No, 0); 

(b) The following orifice inaerte with dimension 
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LID Material W d l  Fluid 
Orifice TRic kna I 8 Ulssd 

ength Diamet (if a cap- 
Inchas In Inches 

2 2.0 0.43 4.65 s. s. 0,035" LNZI LWz 

3 2 .0  0.18 11.1 s. a. 0. 035" L N ~ /  L H ~  

2 .0  0,18 11 .1  s. s, 0,035" LN2 4 * 
6 . 0  0.25 24.0 plastic - - .. - -- 

5 0.0468 0.50 0 . 0 9  alum. .I-.*--* 

plsx-ho e e 

LN2 

Lw2 6 0,0625 (0.125 sa. s. s. -----I 

7 holes - 6 
on a 114'' 
radius. Like 

&r - 8ee Figure 3(9). 

Several more orifice inserts of differant material8 were  made up but nbt 

tested, It was thou ht that much more could be gained if the piece tested 

wa6s transparent, since it wag observed that different materials of the same 

orifice size exhibited (virually) eereeotialtlly the came phenomena. However, 

other priority teats using the altitude chamber prematurely concluded the 

Beats for thilrs block, 

6 
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( c )  The followin mi 8 cdlaneoue orifice confi urrtiono were 

tested: 

(1) A trhort section of 3/4" (nominal) tubing attached 

orifice flange and capp d on the bottom 

end with the top nut loose (See Figure 4 ( ~ )  . 
(2) A mock-up of a non-propulsive vent (6-1/8" d i m -  

eter laoless drilled diametrically oppoeite in a nominal 

ad fitting with a cap). See Figure 4(b) ; 

(It waar tearted with LM2. ) 

( 3 )  Nozzle for the GD/A Zero-'IGG" separator ( 0 . 0 2 9  

in2 throat area See Figure 4(c). (It was tasted 

with LH2. ) 

2. In support of Test Objective 2, the following te  

performed: 

(a) A mockup of the Centaur interstage adapter with a sec- 

tion of the "Zfl  rehriiped reinforcement member attached 

was constructed in simulation of the actual C 

configuration. Staid $8 ateel and aluminum tubin 

were placed acrosar the, mylar surface directly behow 

the orifice to determine i f  a reolid aheet of frozen hy- 

drogen or nitro en would build up on them. Sea 

ure 5(a), Th y were te5ted a ~ l  followa: 

7 
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Orifice 
N o  

0 

* 2  

3 

Fluid 

LNZ 

LN2 

LN2 

.16: 

x 

0 LN2 x 

( b )  Orifice No. 5 was directed at two thin metal sheeta, 

0.032 thick aluminum and 0.010 thick stainless steel, 

which repreeented the interstage adapter wall and Atlas 

forward bulkhead. The purpocle was to determine: (1 )  i f  

solid H2 would adhere to the wail; and (2)  the length 

of impinging time required for the solid to first appear 

See Figure 5(b) 

D. Test Results 

The procedure during the tests waB to photographically record the 

freezing phenomena. A8 a result, rnoslt of the test  remltrs are re- 

corded oa movie film. Specific scenes are shown in Figures 6 ,  ? and 

8. A listing of the film record is given in a following sub$ection. 

in general, the visually obberved redsults of the bests descpihd  above 

indicated that when ia cryogenic liquid was freely expanded to a state 

where the preesur waa below it sure, it Plafshed 

8 
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into a gas. In ord r to make the tramitions however, it must have 

been arupplied with the neceasary "heat of vaporization". 

sxposnsion occurred very raapidly, heat wars essentially unavailable 

from exterior sourcm. Therefore, the liquid which flashed absorbed 

heat from the neighboring liquid. 

B 

The result was that a small per- 

e of the liquid vaporized, and in doing eo, froze the remainder. 

The author fs le that the expansion caus d the liquid to f i rs t  break 

up into tiny droplet$ which in turn vaporized from their outside Burfaces 

and thereby froze the interior liquid. 

rllolid produced from expanding through a large hol was that of a 

myriad of t iny particles resembling a heavy mist, as shown in Figure 

6. This form w a ~  affected by: (a) the hole rize (diameter and length), 

(b) the available heat flux from the surroundings, m d  (c) the pres 

drop across the hole. 

Thie is because the form the 

When the hole size was ernall and had a large LID ratio, the form of 

the solid produced was  that of a crystallin@ extru 

Both of the,es situations occurred only wh n the latent hset nece 

to vaporize 1 of the liquid ~ x ~ ~ n d i n g  through the hole was not avail- 

able from the eurroundfnge. The configuration$ teLstetd produced solid 

as soon as the valv ned, Tha valve, how ver, wag chilled 

to near liquid t mperaturear at this tim In general, when the surround- 

were unable to supply the heat neceesary to allow all of the 

9 
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liquid to vapcmize, solid would be in to appear. 

The use of different mitcsriale in  glace of stainless steel for the 

ion configuration esscentially affected only the available heat 

flux. After equilibrium was achieved, or in other wordP, 

available heat watl earsentially absorbed, the €reezing phenomena wai 

the same for any materrid. 

(mist)  and oriented such that the spray impinged upon them were 

chilled to a point where a solid sheet began to build up as the spray 

continued, 

began to appear depended on (a) the fluid being expanded, (b) the material 

being impinged upon and its surroundings, and ( c )  the separation and 

orientation of the material with respect to the jet. 

aterialo in the vicinity of the solid spray 

The length of impinging time required before a solid laheet 

For the interstage adapter mockup and the stainless steel and aluminum 

tubing at the distances indicated in Figure 5(a), the irnpin 

required was  'approximately 5 to 10 seconds for hydrogen and 15 to 

20 seconds for nitrogen. 

ehown in Figure 5(b) tested with LHz, the impinging time for the stain- 

For the stainlesr a t s s l  and aluminum sheet8 

about 5 to 6 second$ and for the aluminum was 10 to 15 seconds. 

E, Film Record 

The u s s b h  film of the hydro en expansion studies in thiar block of 

terting hasl been edited, compiled and separiat ith titles into one 

10 
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1 entitled "Liquid Hydrogen Expansion Test1'. Thi 

on file by the otion Pictures and Telsviarion Group, Dept. 120-4. 

The originals of dl the film taken in thfe block of tasting are ad 

kept on file by the $am@ Departm nt under the general title of 

'"Vacuum Valve Tm~t". 

11 
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1 inch dfo. valve throat 

Orifice Xneertrs 

Welded Half of Nominal 
3 14' Bulkhead Fitting 

Orifice Insert 

Section A-A 

Bulkhaad Fitting 

Cap Nut 

Orifice inktext 
Combina 

FIGURE 2 

Variabia Orifice Configuration 
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4. 
T 
a 

FIC3URE 3kt 
Orifics Xnmrt General Schematic 

f'b A 

L 

14 
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Anin Valve Body 

WeldQd Half of 3/4" 
LQOBCS "€3" Bulkhead Fitting 
Nut 
(Leaks Around 

314'' Nominal 0. D. Tubing (S, S ,  ) Threader) 

\L Capped End 

FfGURE 4a 

Holes Drilled 
Diametrically Oppo 

Gapped "B" Nut 

FIGURE 4b 
Mon-Propulbtiva V nt M ~ e k u p  Schematic 

$5 
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0.049'l W a l l  
4, 1" dia. Front View 

0.035" 
. wall -\ 

s. 1. 
1" dia. 

FIGWRE 5a 
Adapter Mockup 

0 .  OXO" 
Thick 
gtainles 
Sted 
Bhest 

Anin Valve With 
Orifice I n ~ e r l  

0.032" Thick 
Aluminum Sheet 

Mylar Catch 
SUSfBE 

.--Rsinfo rcat 
mcarnt 
Member 

{See detail 
below) 

17 



FIGURE B 
Solid Buildup on Mylar  Surface From 
The Spray From 1" Valve Exirk 

(24 f r f see )  
. 

(24 fs/sec) 
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d period@ of t h e  in apaee, there is a high probability 

of puncture of the fuel tank akin, becau % of its laPg 

rvalocify meteorite particlee, Recovered rectionra of an 

Atlaa misuils have shown impact# and penetrations of the LOX tank skin 

by high-$peed particles ( nces 1, 6, 7). In view of thie, it  is 

l y  predict the fuel l o s r e l ~  arseociated 

terial (0.010'' thick S. S. ) by high- with punctures of thin g 

velocity particles in a low prersurat environment, 

by General Dynamics/Astronautice (GD/A) of the nn tesoid kaeard 

StatiBliczLl analyse8 

to the Centaur ,vehicl fesences 2, 3, and 41, using the available 

data on the meteorite flux (velocity, znaBpI, and spacial diatribution), 

have predicted the range of pne?tration area for a oingle puncture? 

1.38 x l o n 6  to 0.42 in2, with the average puncture area of 4.18 x 

Thils is equivalmt to a circular hole with diameter raiigea inz. 

of 0.001 in. to 0 , 7 8 2  in. with an average diameter of 0.023 in. 

There ier same quaetion as to the relationship between meteorite 

size and velocity, the puncture: area produced in a given 

rial, and &e ~ma~iee r t  mas@ which will penetrate a given 

tkricbsos. In fact, there is a reat deal of uncertainty in all areas 

teoritat problem. The moat uncertainty, how- 

sociaded with the rn 

19 
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@city punctvreaer in 0. OlO” 

8,000 m d  10, QOU (t/esc. of 4130 steel, O.O20{* &a. psllsta. Photo- 

rniarographa of tbesre’holee I F B  ehown in Figures 1 Ita) through f l(d). 

Drilled hole) of BimiLar raims are shown in Figures 11( 

B setctianal vdlzws of a drilled hole and a hypervelacity puncture 

are shown iq Figures 11(g) and l l (h) ,  

fn ordatr to be ~~~ to m o m  accurately ptediot the €uel loelaest on -I 

Centaur miesions due to meteorite punctures, the block of teste des- 

cribed below weref ‘performed. 

A. Terat ObjecQivqs 

1. Petarmin$ the flow rate and the coefficient of discharge 

arilsociated with ineompreseibls ideal fluid flow for simulated 

hype svdocit punctures of the Centaur fuel tank (0.010” 

thick ~~~~~1~~~ ~tee1~1) for hole B i m  ranging from approximately 

50” diameter. Testing af significantly 

a$ considered unnefcesrsebry since they would 

ophic failure os sxcesrsiva fuel lo 
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The freezing phenOmenon associated with larger  holes has 

been tested in a previoue teart block, See Section 11. 

2. To evaluate the freezing phenomenon associated with these 

mall holes and to determine if the holes will be plugged 

by the formation of isdid. 

B. Test Apparatus 

The apparatus was arranged as shown in Figures 8(a), 8(b), 

8 ( c )  and 8fd) and consisted of the following: 

1. The Aarophysics Laboratory Altitude Chamber which is 

capable of approximately 85 statute mile altitude pressure 

raimulation (1  x lQ'5mmHg); it is not capable of thermal 

altitude slimulation. 

2 .  A pyrex and stainless steel dewar (details of construction 

and development program are given i n  the Appendix), which 

i a  structurally capable of 100 psig internal pressure. Inserts 

of simulated punctures were attached to the bottom flange, 

as shown in Figure 10. It was insulated to reduce heat input 

and had a transparent section, except at the flanges, so that 

the liquid head above the puncture could be observed. 

A constant strength 4130 alloy steel, heat treated load beam, 

capable of supporting approximately a 100-lb load and deflect- 

ing (linearly) approximately 3/8" for a change in load of 2 

3. 

lbs. The totid ma 8 of liquid hydrogen when the dewar was 
21 
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C. 

4. 

5 .  

6 .  

full w w  zqprw$rnQtdy 2 Iba. Yield stress = 115,900 p s i  , 

and Rdckwell hardneata = 30. 

Cresent one -inch deflection linear transducer with resistance 

network and Mosley Recorder. 

fo r  change in weight, ver$uB displacement. The recorder 

gave displacement versus time, the net result being flow rate. 

The accuracy orf the system was a function of the calibration 

The rayatam was calibrated 

of the recorder and the hysteresis of the load beam, 

One-half inch bellows type flex-hoses and stainless steel 

transfer lines a 

Required vrtlvhg (Jarneebury .. i / 4  turn cryogenic valves) 

and pressure gauges. 

Scope of Te 8 ting 

The following simulated puncture holes or configurations were  

te CJ ted: 

22 
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bpprox. 1 
Specimen hole Size Ty#e of Sheet Sheet Figure Fluid 

tin) Hol Q Material Thickness Number Upled No. 
Impact 
Side 

1 0.020 

2 0.027 

3 8.020 

4 0.013 

5 Q. 014 

6 0.048 

7 0. (314 

Reverse 
Side 

0.004 hypere S. 5. 
x 0.010 velocity 

0.027 hyper- S. S. 
velocity 

0.020 hyper- S. S. 
velocity 

0.004 
velocity 

0,014 drilled S. S. 
(#SO 
drill) 

0.048 drilled S. S. 
(#56 
drill) 

0.014 drilled plexi- 
{ #80 glass 
drill) 

tin) 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

0.375 

l l ( a )  LN2 

l l (b )  LHz 

l l ( c )  LHZ 

Figures 1 l(a) thru 1 l ( f )  were enlarged 24 times actual size. 

was between 8 ,000  and 10,000 ft lsec for punctures shown in Figures l l (c )  

thru l l ( f ) .  

lmpact velocity 

23 
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I .  

D, T+t.,,R?sults 

The expr imenta l  measuremente of the flow rata and subsequent 

caLlculaSione of the coefficient of dischar e aresodated with 

incompressible ideal fluid flow for the varioue hole r i z e s  

tested are shown in Table 1. 

is plotted i b ~  a franction of approximate hole diameter in 

The coefficient of d i a c h a r p  

Figure 12. An analysis of Table I and Figure 12 showB 

a considerable scatter in the results for a single hala. 

E r r a r s  could have been introduced from the following soutf=ea: 

(1) Inaccuracies of the meamring system caused by hysteresis 

of the load beam, $he calibration range of the recorder, 

and the non-iin&arity of output from the transducer. 

When the sybtem wag calibrated for full-scale! recorder 

reading for  a change In load of 800 grams (approxi- 

mately 2.0 Ibis), the accuracy was approximately 

50-60%. For a similar full scale reading for  400 grams, 

the accuracy WAS about Z5-30%. 

The variations of the jet  thrust of the fluid escaping 

Ehsough the bola with changes in dewar internal prssaiure. 

(2) 

The change in magnitude of the thsuet was approximately 

the mime order of magnitude as the mas6 flow rate when 

the change in the dewar internal pressure? wag about 

24 
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75-100 pdid. 

incompres Bible+ flaw. 

 the effect of liquid hydrogen temperature on the cd ib ra -  

tion and the resistanae to vertical motion of the dewar 

The thrust was calculatsd aarsumi 

red by the attached f i l l  and vent lines. The system 

was calibrated a t  atmospheric conditions and, under 

these condition@, the restraints offered negligible re- 

rsistance when pressurized OF unpreesurized. 

Small pasticles of foreign material in the liquid. 

the test with the 0. 027" diameter hole, small particles 

were  observed in the dewar after the test. 

The surface roughness of the holeta which could cause 

$ d i d  hydrogen to accumulate at various points around 

the perimeter af the hole and thereby varying the effec- 

tive hole area for the varioue tests of the same hole 

s pe c imen. 

In 

Based on the results ehown in Table'I, it  is not possible 

to establish exact. values for the coefficient of discharge 

for thB hole eizea tasted, but only to indicate approximate 

ones and general trdnds. The dotted line on Figure 12 

raprssents what the dafa indicates to be the equilibrium 

conditions. Additional test points a r e  needed to complete the 

27 



ure 12. Howe r, priority need 

Generally there i rend for a decreasing co 

discharge with time and decreasing hole size. 

in Table P ie; arranged in cons cutfve order with re 

to time. This may be indicative of decrsaein effective area 

due to solid accumulation in the hol a8 the fixtura chills 

down. 

representative of the equilibrium state. 

dip in the coefficient of discharge is indicated in the hole 

The teast data 

The later values in each test block should be more 

On Figure 12 a 

e of about 0,020" to 0.030". This could be due Eo 

inc reas ed turbulsnc 

ph tr; nomenon, 

becauere of the transition in flow 

The h'ole raize has a very definite affect on the freezing 

phenamenon which affect$ the flow rate and consequently the 

coefficient of discharge. For  holeea larger than approxi- 

mately 0.020''  to 0.030'' diameter, the Bolid appeared in 

a nniet of very minut and there was a continuous 

re 15 for a photograph of fl 

). For hole si 

Q. 020" to 0.030'' as no longer C O ~ ~ ~ U O U I ,  

28 
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but was made up of gas and smdlI solid pellet8 of approxi- 

mately the same a i i e  a a  the hole. These pellets apparently 

were formed by gucceeaively building up in  the hole and being 

blown out by the preesure: difference acroas the hole. 

(Seer Figures 13 and 14). 1% the flow measuring system was 

seneitive enough, the recsrded flow should be step functions 

under these conditianrs. 

occurred at approximately 0.020'' to 0.030'' diameter, where 

there was a combination of pellets and spray mist as shown 

in Figure 16. For very Bmall holes (see teat # l l  in Table?: 1 

for a Q.004" diameter hole teat results), there was no 

visible or measurable flow by the method$ used until a 

definite AP across the hole wae reached. For specimen 

#6 this was about 30 psid. 

pellets were produced, the size of the particles decreased 

as the AP across the hole! increased, i. e. ,  they tended to 

approach the spray mist configuration associated with the 

farg-er holes. 

The transition in flow phenomenon 

When the hole size was such that 

For the vety emdl hole the complete plugging could be 

maintained for any extended length of time, ass was observed, 

if: (1) the solid end of the plug exposed to the low pressure 

sublimed and coasequently froze more liquid on the end 
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- 

imrneraed in  liquid, other words, an actual 

flow wae rnaidt 2 )  impuritiee o r  Eorei 

such are W20 dr metal bita exieted in the LHz or LMz which 

could ladgta in thb h d e ,  It should be pointed out that the above 

diiscussion of the vasiation of flow configuration with hole 

esize walg determined only for a 0.010" thick plate. 

experiments ehould be conducted to determine if the rpame 

applies for thicker plates. 

Further 

If the length af the bole is large for the very small holes 

(large L/D ratio), the flow will be in the form of intermittant 

eolid estrusians. 

through a crack in a 3f4" wall plexiglaas dewar. 

This is seen in Figure 16 where flow occurred 

In all ca5ec a coefficient of discharge of 0.6 o r  0.7 appears 

to be conserv&tive in estimating tha fuel Loesses in space due 

ta meteorite punctureer. For  very small holes the coefficient 

of discharge is lower because of the fluctuating flow due to 

intermittant plugging of tbet hole by the solid formation. 

For  holas hsrp than 0.620' '  diameter in 0.010" thick material, 

use of a coeffici nt of discharge of about 0.3 or 0.4 would 

be realistic. 
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E. Film Record 

ntatdve 5ect;ions of the film for thda block of the 

as bean compiled, edited, and parated with tiUsaf 

into a one-res1 film entitled, "Micro- eosite Puncture 

akqp  Study". This i a  kept on file by the Motion Pictures 

levision Group, Department 120-4. The original 

film taken in %hies block of tesltin , filed by real 

number as defined in Table 1,  i s  a150 kept on file by the earn@ 

group under the general tit1 of "Micro-Meteorits Study". 
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IV . 
Th of the freettin pbeaomena arrocieted 

e expansion of a cpyogenic liquid o r  a cold garr to 

prmisure is below its triple p i n t  pressure has 

pscific configurations in the ~ e ~ i ~ n  of the Centaur 

vehicle and will continue to occur frequently in the desi 

vehicles which are dsisigned to operate in the space environment. 

The area8 of exgwrim ntal investigation &ECU red in thira report 

represent only a small &?ample of the situations where this frees- 

ing phenomena should be taken into coneideration in the design. 

rhaps many designers are not aware of the probl 

could ar ise  which will  affect the operation of xnech 

se conditione. For exampl , freezing in vehicle vent linea 

olid leakage past liquid propellant relief valves in  space 

could cauie propellant tank ovarpr ssurierrtion or seriously 

operation of sophisticated vent d vices such a$ the 

"zero-g" liquid-gas separator for the Centaur fuel tank. 

ire a great need for baisic x earch to determine basic 

olids produced such app~ thermal conductivity, 

rmal resistance, he& capacity, tc. and many other 

normally determined such ap1 

solid otick $0 or uiaa tick from a surf%liCe* These 

axe nPaaded in order to be ab1 ndytically det rrnina? if probleme 
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 art ia any configuration wh QCCUT. PQS the 

s, an infinite 

condition$ and hardware. Much 

more could be gained if sufficient basic re! oarch waar dorm by 

with the nsccssserry facilities and undasartmdfn 

na. An sreatrnpla of such a group i o  the N tional Bureau 

of Standards at Boulder, Colorado. 

The author ha8 postubetwl th following description of the procasls 

which produces at equilibrium the obarerved form of the solid 

nganarion: Aer the? liquid expand8 through ;3 hole, it first 

break@ up into a myriad of tiny droplet@. A fraction of the 

liquid on the droplet surfoca vaporims, using the remaining 

liquid in the droplet a$ the Source of the required heat of vaposi- 

eetion. The, recault is that most of tha liquid in each droplet 

freezes. The size of the droplet is a function of the prsrsuresr 

which control the3 expanarion. If the iae of the hole io  ruffiei 

distance between the solid partide thus produced 

i@ #mall and they will collide with on another ther by producing 

particlear which could ulatca in pocket 

this manner the crystalline 

rutJion63 which w%)t% obseTv d could be formed. 

7 



From a quantit tdva point of view, the re ults of the therrnodynmnic 

in the appendix appearad to a ree, very nearly with the 

elrved phenomena. That i a under the tarslt conditione i t  appeared 

that approximately 80% of the liquid e caping thtou h the hole was 

frozen by the poritation of the: other 20%. 
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ABPENRXX 

A. 

d V  

2.. 2. 
Syratem: Elemental volum 

A closed system in two 

State 1 )  A liquid and/or a gas 

State 2) A rolid and/or a El;" 

: ( 1 )  perfectly free expan8ion ( to ab 

prersure; P2 = 0) 

' (2) thermal equilibrium be en the system and 

ita surroundiage 

(3)  velocity effects can be ne 

First Law of ~ h ~ r ~ o d y ~ ~ i c ~  fox a closed System: 

Ql-2  - Wu(1-2) 5 nulv2  { 1) 

but, Ql,, 9 0.  This ie after the walls are chilled to the 

liquid tsrnpsratu xpanglion l e  so rapid that there 

is not time for  s ficant heat transfer tram the mrroundinge, 
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Wu(l-2) = 0 There is no work done on or by 

To put equation (3)  in a more uaeable dorm, add and subtract 

and u - u = Internal ener y heat of vaporization at 
81 11 

= 
u .. u = Internal ener y heat of ~ u b l ~ ~ ~ t ~ ~ n  at state (2)  
g2 "2 

5 1  
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ulr - us2 = pseudo-internal energy heat of furioa 

= AUf(1-2)  

THEREFORE: 

it  wag all liquid at state 1, M = 0 
Q1 

2 ug2 and Q1 ui2 
add and subtract M, 

82  ' 
To solve for M 

_II 

T M 

to equation (3) 
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Development Problerno 

laead zand etai  r steel dewar which 

ervoir and allawr th liquid head above the hole rpecimen 

to be visually sbservrsd w s the major item requiring $pedal  

construction. The major part are a 6" X. D. pyrex pipe 

approximately 2 f t .  long sealed on the end8 with 1" thick 

321 stainless steel flange ceaasity of being able 

erve the liquid above the hole was ehown in the general 

freeeing phenomena te ts. It was believed that gas pockets 

and not the freedng caused the flow fluctuation, 

but with an opaque apparatus, it could not be determined. 

The major problem in conlntruction of the dewar was to obtain 

a glass-to-metal seal which would have ne ligible leakage 

up to at lea8t 100 psi A P  & c r 8 $ ~  the $ea1 and 

patible with liquid hydro en temperatures. ThiB was obtained 

with highly finiBhed contact surface and %he u ~ e  of thin 

(0.015" thick) teflsn seal8 which w r e  loaded in compree 

by approximately 4000 lbs, Becebu e the pyrex gla 

slusltain very little shear load, a special loadi mec hmi 61 m 

conceived and built which losdccd the g l o ~ s  in almost 

pure carnprassion. Allowanc 13 had to be mads for  the change 
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in dimensions axid properties of the materials used at LHz 

temperatures. 

The dewar wan prerrrure teated with at 

condftiono m d  gre8iure tested by the liquid 

cttmoephetic 

boil-off art LM2 

and LHz tempersturre. The drwar wai  found to haw ne 

leakage undrz th E B C ~  conditions. Phot:s taken during 

the development are shown in Figures 18 and 19. 

The need for eueh a reservoir was expressed by others 

involved in experimental testing and should find uee in 

crubssquent teste. 

Other problems which had to be overcome were ( 1 )  the 

"Bourdon tube effect'' of the attached flex-hoeres used for 

fill and vent linear. (The hoBear tended to straighten out when 

esurissd. This was overcome by placing- them oppoeits 

each other, thus caurtrig them to cancel each other's effect,, ) 

(2) the variation ia jet rhrust with dewar internal pressure 

produced by the expanding liquid. Thilr was effectively 

kept to 

source 

a minimum by inoulathg the dewar from the heat 

(the vacuum g a d ) .  
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